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Background: One of the key obstacles to the healing of diabetic wound is the persistence of active
inflammation. We previously demonstrated the potential of cell-free fat extract (CEFFE) to promote the
healing of diabetic wounds, and annexin A5 (A5) is a crucial anti-inflammatory protein within CEFFE.
This study aimed to evaluate the therapeutic potential of A5 in diabetic wounds.

Methods: A5 was loaded into GelMA hydrogels and applied to skin wounds of diabetic mice in vivo. The
diabetic wounds with the treatment of GeIMA-A5 were observed for 14 days and evaluated by histo-

Key Wo.rds" logical analysis. Accessment of inflammation regulation were conducted through anti-CD68 staining,
Annexin A5 . . . .
Macrophage anti-CD86 and anti-CD206 staining, and qRT-PCR of wound tissue. In presence of A5, macrophages

Diabetic wound healing stimulated by lipopolysaccharide (LPS) in vitro, and detected through qRT-PCR, flow cytometry, and
Skin inflammation immunocytofluorescence staining. Besides, epithelial cells were co-cultured with A5 for epithelialization
CEFFE regulation by CCK-8 assay and cell migration assay.
Results: A5 could promote diabetic wound healing and regulate inflammations by promoting the tran-
sition of macrophages from M1 to M2 phenotype. In vitro experiments demonstrated that A5 exerted a
significant effect on reducing pro-inflammatory factors and inhibiting the polarization of macrophages
from MO toward M1 phenotype. A5 significantly promoted the migration of epithelial cells.
Conclusion: Annexin A5 has a significant impact on the regulation of macrophage inflammation and
promotion of epithelialization.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Wound healing is a complex and dynamic process that involves
the regulation of inflammation, angiogenesis, epithelialization and
regeneration of the dermal extracellular matrix (ECM). Wound
healing is generally divided into four consecutive stages: hemo-
stasis, inflammation, proliferation, and tissue remodeling. Chronic
wounds are characterized by delayed healing, prolonged inflam-
mation, and impaired epithelialization. Diabetic wounds are the
most common chronic wounds [1], with the core reasons for non-
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healing being the persistence of chronic inflammation and
ischemia, reduced cell proliferation, and attenuated matrix syn-
thesis [2]. Macrophages play crucial roles in wound healing. In the
early stages of wound healing, monocytes and skin-resident mac-
rophages are activated and polarized into M1-phenotype macro-
phages, which play a role in scavenging, phagocytosis, and the
continued release of pro-inflammatory factors [3,4]. As macro-
phages transition from the pro-inflammatory M1 phenotype to the
pro-repair M2 phenotype, the process of wound healing shifts from
the inflammation phase to the proliferation phase, leading to a
gradual subsidence of inflammation and the commencement of
skin tissue regeneration and repair [5]. During the tissue remod-
eling phase of wound healing, macrophages secrete matrix metal-
loproteinases (MMPs) and tissue inhibitors of metalloproteinase
(TIMPs), which participate in the regulation of the deposition and
degradation of the dermal ECM, affecting tissue remodeling and
scar formation [6,7]. In diabetic wounds, hyperactivation of M1
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macrophages leads to prolonged chronic inflammation, which
hinders wound healing.

Treatment of diabetic wounds has long been a significant chal-
lenge in clinical practice [8]. Recent advances in stem cell research
have provided new treatment options [9]. Many studies have sug-
gested that mesenchymal stem cells (MSCs) can promote the
healing of diabetic wounds [10], which is thought to be associated
with their paracrine effects [11,12]. Through the secretion of active
factors, MSCs regulate inflammation, promote angiogenesis,
enhance cell proliferation, and inhibit apoptosis [13]. However,
stem cell therapy faces safety and stability challenages [14]. The
development of drugs with diverse biological functions that can
serve as stem cell substitutes is a crucial research focus. In a pre-
vious study, we demonstrated that cell-free fat extract (CEFFE)
contains abundant bioactive proteins with various biological ef-
fects, including regulating inflammation, facilitating angiogenesis,
and promoting cell proliferation and migration, all of which
contributed to the healing of diabetic wounds [15,16]. CEFFE in-
hibits the expressions of pro-inflammatory factors, such as inter-
leukin (IL)-1B, IL-6, inducible nitric-oxide synthase (iNOS) and
tumor necrosis factor alpha (TNF-a), as well as promoting the
expression of anti-inflammatory factors such as arginase 1(ARG-1),
IL-10, CD206, and transforming growth factor beta (TGF-$), which
directly regulates the transition of polarization of M1-phenotype
macrophages into M2-phenotype macrophages [17].

However, CEFFE contains over 1700 types of bioactive proteins,
making it a complex cell-free liquid mixture that does not meet the
criteria of clearly defined pharmaceutical ingredients with
controllable quality and the demands for large-scale industrial
production. A solution to this challenge lies in the identification of
the core components of CEFFE, and their subsequent synthesis
using recombinant protein technology. Therefore, we conducted
multiple rounds of CEFFE protein fractionation by protein chro-
matography and validated its anti-inflammatory effect. Finally, we
identified a key protein, annexin A5 (A5), that is responsible for the
anti-inflammatory effects of CEFFE (unpublished data). Annexin A5,
a phospholipid-binding protein with a molecular weight of
approximately 35.8 kDa, binds in a Ca**-dependent manner to
negatively charged phospholipids on cell membranes [18,19]. When
cell membranes are impaired, A5 binds to exposed externalized
phosphatidylserine (PS) to form two-dimensional crystalline ar-
rays, which are widely used for the detection of early apoptotic cells
[20]. During the process of cell apoptosis, when PS is exposed on
the outer membrane, it sends an ‘eat me’ signal that attracts
phagocytes to engulf the cells. However, A5 can inhibit the
engulfment of apoptotic cells by macrophages after binding to PS,
thereby exerting an anti-inflammatory effect [21]. Clinical trials
have demonstrated the safety of A5 in both healthy individuals
(NCT04217629, NCT04850399) and patients with normal kidney
function [22,23]. Additionally, a phase 2 trial is ongoing to evaluate
the safety, pharmacokinetics and efficacy of A5 in patients with
sepsis (NCT04898322). These clinical researches highlight the po-
tential of A5 for clinical therapy and emphasize its anti-
inflammatory property.

As chronic inflammation is a significant contributor to the non-
healing of wounds, we hypothesized that A5 is a key component of
CEFFE for treating non-healing wounds. Gelatin methacryloyl
(GelMA) hydrogels, a photosensitive hydrogel with excellent
biocompatibility, biodegradability, non-toxicity and non-
immunogenicity, were suited to be widely utilized in tissue engi-
neering and drug delivery [24]. In this study, A5 was loaded into
GelMA hydrogels for the treatment of diabetic wound. Both in vivo
and in vitro experiments about diabetic wound healing were to
investigate the potential mechanisms of A5 treatment.
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2. Materials and methods
2.1. Diabetic wound model and treatment

This study included 18 male BKS-Lepre™2°479/Gpt mice, aged
6—8 weeks, with a mean weight of 36.48 + 1.44 g, purchased
from GemPharmatech Company (Nanjing, China). The animals
were housed under conditions that provided ample food and
clean water at a suitable temperature and humidity with 12-h
light—dark cycles. This study was approved by the Animal Care
and Experiment Committee of Shanghai Jiaotong University
School of Medicine and adhered to the recommendations of the
National Research Council Guide for the Care and Use of Labora-
tory Animals.

To ensure that all of the mice were diabetic, the blood glucose
levels in each animal were measured before the start of the
experiment by Accu-Chek Active Blood Glucose Meter (Roche,
Switzerland) and the mean blood glucose of the mice was
23.23 + 5.99 mmol/L. The mice were then anesthetized using
pentobarbital, and their dorsal skin was depilated. A full-thickness
8 mm skin wound was made by punch biopsy of the centrodorsal
skin of each diabetic mouse, and the mice were then randomly
divided into three groups (n = 6 per group): CTRL, GelMA, and
GelMA-AS5. The content of A5 in CEFFE is ranged from 5.34 pg/mL to
52.55 pg/mlL, and 20 pg/mL annexin A5 was chosen to conduct the
experiments.

GelMA and lithium phenyl-2,4,6-trimethylbenzoyl phosphinate
(LAP) photoinitiator were purchased from Engineering for Life Co.,
Ltd. (Suzhou, China). A 0.25% LAP photoinitiator standard solution
was mixed with a 5% GelMA solution. The hydrogel solution was
passed through a 0.22 pm filter to ensure sterility. The prepared
hydrogel solution was mixed with phosphate buffer saline (PBS)
solution (GelMA-PBS hydrogel) or 40 pg/mL recombinant annexin
A5 solution (GelMA-A5 hydrogel) in a 1:1 ratio (v:v). GelMA-PBS
hydrogel solution was applied to the wounds in the mice of the
GelMA group, while GeIMA-A5 hydrogel solution was applied to
the wounds in the mice of the GeIMA-A5 group, with each appli-
cation amounting to 80 pL. The hydrogel solution was immediately
cross-linked by exposure to UV light at a wavelength of 405 nm for
15s.

The wound healing was observed and photographed on days O,
3, 7,10, and 14 after wound occurrence, and the wound tissues were
harvested on the 14th day. The wound area (%) was analyzed and
quantified using Image ] software (NIH) and calculated using the
following formula.

_Actual wound area
" Original wound area

Wound area (%) x 100%

2.2. Drug release of A5 from GelMA hydrogel

The GelMA-A5 hydrogel (500 pL) was cross-linked in Eppendorf
tube. PBS (1 mL) as the release medium was add and the tubes was
incubated at 37 °C. At the predetermined time points, 0.1 mL of
supernatants were collected and 0.1 mL PBS solution were sup-
plemented. The A5 content of collected supernatants were detected
by Human Annexin A5 ELISA Kit (ab223863; Abcam, Cambridge,
UK) at 450 nm using a microplate reader (SpectraMAX® 190, Mo-
lecular Devices, Sunnyvale, CA, USA).

GV GV

Cumulative release (ug / mL) = W
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2.3. Histological analysis

The wound tissues were fixed with 4% paraformaldehyde,
dehydrated, and embedded in paraffin. Depending on the protocol,
the tissue sections were stained by hematoxylin and eosin (H&E) or
Masson's trichrome (Solarbio, Beijing, China). The sections were
scanned and photographed with a Nikon Eclipse 90i digital camera
and an optical microscope (Nikon, Tokyo, Japan).

2.4. Immunohistochemical staining

The wound tissue sections were subjected to immunohisto-
chemical staining. Briefly, following antigen retrieval and per-
meabilization, sections were incubated with primary antibodies at
4 °C overnight and secondary antibodies at room temperature for
1 h. Finally, the DAB substrate solution was used to reveal the color
of the antibody staining. The primary antibodies used in this study
were rabbit monoclonal anti-CD68 (1:100; SC-20060; Santa Cruz,
Texas, USA), anti-CD31 (1:1000; ab182981; Abcam, Cambridge,
UK), and anti-PCNA (1:500; 60097-1-1 g; Proteintech, Wuhan,
China). The secondary antibodies used were horseradish
peroxidase-conjugated polymer anti-rabbit and anti-mouse anti-
bodies (1:1000; Dako, Glostrup, Denmark). The sections were
photographed with a Nikon Eclipse 90i digital camera and an op-
tical microscope (Nikon, Tokyo, Japan). The immunohistochemical
staining was analyzed with Image] software (NIH) to calculate the
integrated optical density of anti-CD68-positive cells and epithelial
anti-PCNA-positive cells. The capillary density was calculated as the
number of anti-CD31-positive vessels. Three sections of each
sample were analyzed.

2.5. Immunofluorescence staining of section

Immunofluorescence staining was performed on wound tissue
sections and cells on coverslips. Following the routine steps of
immunofluorescence staining, primary antibodies were incubated
at 4 °Covernight, and secondary antibodies were incubated at room
temperature for 1 h. DAPI staining solution (PO131; Beyotime,
Shanghai, China) was used to stain the cell nuclei. The primary
antibodies used were rabbit monoclonal anti-CD86 (1:200; 19589S;
CST, USA) and anti-CD206 (1:400; 24595S; CST, USA). The sec-
ondary antibodies used were Alexa Fluor® 488-conjugated anti-
mouse antibody (1:1000; 4412S; CST, USA) and Alexa Fluor® 594-
conjugated anti-rabbit antibody (1:1000; 8889S; CST). The sec-
tions and coverslips were scanned and photographed with a Leica
LAS X system and a confocal fluorescence microscope (Leica,
Wetzlar, Germany) and then analyzed using Image] software (NIH)
to calculate the fluorescence density (/mmz2). Three sections of each
sample were analyzed. Image] software was also used to analyze
the fluorescence intensity.

2.6. Quantitative real-time PCR

Tissue and cellular mRNA were extracted using a Tissue RNA
Purification Kit PLUS (EZB-RNOO1-plus; EZBioscience®, Roseville,
USA) and an EZ-press RNA Purification Kit (BOO04DP; EZBio-
science®), respectively, according to the manufacturer's in-
structions. Following determination of the RNA concentration, 1 pg
of the mRNA was reverse transcribed to cDNA using 4 x Reverse
Transcription Master Mix (A0010CGQ; EZBioscience®). Quantita-
tive real-time PCR (qRT-PCR) was performed using SYBR™ Green
qPCR Master Mix (A0012-R2; EZBioscience®), primers, and cDNA.
At least three technical replicates were analyzed for each sample.
The results were calculated using the 2°(—AACt) method and are
presented as the fold change relative to GAPDH gene expression.
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The primer sequences used for the gRT-PCR are shown in
Supplementary Table 1.

2.7. Cell culture

Bone marrow mononuclear cells, obtained from the femur bone
marrow of male C57BL/6 mice aged 4—6 weeks (Weitong Lihua,
China), were cultured in dulbecco's modified eagle medium
(DMEM) containing 20 ng/mL M-CSF, 10% fetal bovine serum, 100
U/mL penicillin, and 100 pg/mL streptomycin to induce primary
MO-phenotype bone marrow-derived macrophages (BMDMs). Af-
ter one week of cell culture, in vitro inflammatory models were
induced using 1 ng/mL lipopolysaccharide (LPS), with the applica-
tion of A5 at different concentrations of 0, 2.5, 5, and 10 pg/mL.

Human immortal keratinocytes (HaCaT) and human umbilical
vascular endothelial cells (HUVECs) were purchased from the
American Type Culture Collection (ATCC, Rockville, MD, USA). The
HaCaTs and HUVECs were cultured in DMEM medium containing
10% fetal bovine serum, 100 U/mL penicillin, and 100 ug/mL
streptomycin. Human dermal fibroblasts (HFBs) were isolated from
skin tissues obtained from five donors (ages 6—10 years) under-
going routine circumcision at Shanghai 9th People's Hospital and
the informed consent for HFBs isolation was obtained. After
digestion with neutral protease and collagenase, dermal fibroblasts
were cultured in DMEM containing 10% fetal bovine serum, 100 U/
mL penicillin, and 100 pg/mL streptomycin. The experiments were
conducted using HFBs during the first and third passages. The
medium was changed every two days, and the cells were passaged
and used for experiments when the cell density reached 90%. For
the in vitro experiments, the cells cultured in the presence of A5 at
0, 2.5, 5, and 10 pug/mL. All cells were cultured in a humidified cell
culture incubator at 37 °C with 5% CO2.

2.8. Flow cytometry

After culturing LPS-stimulated BMDMs in the presence of A5 at
0, 2.5, 5, and 10 pg/mL for 24 h, the cells were scraped from the
culture plates, resuspended in cell staining buffer (420201; Bio-
legend, USA), and incubated on ice. FITC-anti-CD86 antibody (1:40;
105005; Biolegend, USA) was added and incubated for 30 min. After
washing with cell staining buffer, the cells were detected by flow
cytometry (Beckman Coulter), and the data were analyzed using
Flow]Jo software (Becton, Dickinson & Company).

2.9. Cell counting kit 8 (CCK-8) assay

HaCaTs, HUVECs, or HFBs were seeded in 96-well plates at
3 x 103 cells per well. After they had adhered, the cells were
cultured in the presence of A5 at 0, 2.5, 5, and 10 pg/mL. Cell pro-
liferation was assessed on days 1, 2, and 3. Following removal of the
culture medium, CCK-8 reagent diluted 10 times was added to each
well (100 pL per well) and incubated at 37 °C for 2 h. The optical
density (0.D.) was then measured at 450 nm using a microplate
reader (SpectraMAX® 190, Molecular Devices, Sunnyvale, CA, USA).
Relative O.D. values were calculated as follows:

Relative O.D. value = Experimental group O.D. value - Blank
group 0.D. value.

2.10. Cell migration assay

HaCaTs and HUVECs were seeded in 6-well plates at
2 x 105 cells per well. After reaching 90% confluence, a sterile
200 pL pipette tip was used to create a scratch in the center of each
well. The cells were then cultured in the presence of A5 at different
concentrations, and images of the cell migration in the same wound
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area were captured at 0, 12, and 18 h using an optical microscope
(Carl Zeiss, Oberkochen, Germany). The cell migration was analyzed
using Image] software (NIH), and gap closure was calculated using
the following formula:

Original scratch area — Actual scratch area

Gap closure (%) = Original scratch area

x 100%

2.11. Tube formation assay

Tube formation assay was conducted by using Matrigel®
(356231; Corning, NY, USA). After 50 uL of Matrigel® per well had
solidified in 96-well plates, the HUVECs were cultured in the pre-
senc of 0, 2.5, 5, and 10 pg/mL A5. After 6 h, the cells were stained
with calcein-AM solution (Yeason, Shanghai, China) and photo-
graphed using a fluorescence microscope (Carl Zeiss, Oberkochen,
Germany). The tube formation was quantified using Image] soft-
ware (NIH) to analyze the number of branch points (/mm2) and the
mean tube length.

2.12. Statistical analysis

All of the data are presented as means + the standard error of
the mean (SEM). One-way analysis of variance was performed to
determine statistically significant differences between groups. The
statistical analyses were performed using GraphPad Software
(GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance
was set at P < 0.05.

3. Results
3.1. A5 accelerated diabetic wound healing In vivo

To assess the effect of A5 on non-healing wounds, we applied a
GelMA hydrogel containing A5 to the skin wounds of diabetic mice
(Fig. 1a) and observed the process of wound healing on days 0, 3, 7,
10, and 14. The concentration of A5 released from GelMA-A5
hydrogel in PBS gradually increased with the incubation time
prolonging, which demonstrated the property of GelMA hydrogel
with drug sustained release (Fig. S1). In the early stages, the
wounds in the untreated CTRL group exhibited an increased area
due to tissue tension, whereas the wounds treated with hydrogel in
the GelMA and GelMA-A5 groups effectively prevented tension
(Fig. 1b and c). Over time, the wounds treated with A5 exhibited
significantly accelerated healing compared with those of the CTRL
group and demonstrated a notable advantage over the GelMA
group. By the 14th day of treatment, the wound area (%) of CTRL,
GelMA, GelMA-AS5 group were 56.85% + 3.84%, 28.83% + 5.20% and
6.40% + 4.32%, respectively (Fig. 1c). What is noteworthy is that the
wounds treated with A5 exhibited were close to complete healing.
These results indicated a significant role of A5 in accelerating dia-
betic wound healing.

3.2. A5 treatment accelerated diabetic wounds into the tissue
remodeling phase

Histological changes in diabetic wounds on day 14 were
observed by H&E and Masson's trichrome staining. Fig. 2 provided
an overall wound tissue at low magnification, and highlighted the
specific tissue regions at the wound ends and central area under
high magnification. The sections stained with H&E staining in the
CTRL group exhibited the wider discontinuous epidermis and
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incomplete skin structure, accompanied by significant infiltration
of inflammatory cells. In comparison, the wounds in the GelMA
group showed a smaller epidermis gap and the infiltration of in-
flammatory cells. In contrast, the wounds treated with A5 exhibited
a continuous epidermis, intact skin structure in the central area,
and reduced inflammatory cell infiltration (Fig. 2a). Masson's tri-
chrome staining further revealed that the wound tissues in the
CTRL groups displayed disordered collagen fiber structures with
rich and dense collagen. And the wounds in the GelMA group
showed less disordered collagen fiber structures, compared to the
CTRL group. However, the A5-treated wounds exhibited a more
orderly arrangement of collagen fibers, and the collagen deposition
at the site of scar formation was reduced (Fig. 2b). These findings
indicate that A5 treatment accelerated the transition of diabetic
wounds into the tissue remodeling phase and had a positive impact
on scar fibrosis.

3.3. A5 treatment promoted wound healing through regulating
macrophages inflammation

We investigated whether A5 promoted diabetic wound healing
by regulating inflammation. First, immunohistochemical anti-CD68
staining was performed on wound tissues to assess changes in
infiltration of macrophages. The CTRL group exhibited a higher
number of CD68-positive cells, the GelMA group exhibited reduced
macrophage infiltration, and the GelMA-A5 group had the lowest
macrophage population (Fig. 3a and b). These results suggested that
A5 regulates macrophage inflammation in the skin. Furthermore,
we used anti-CD86 and anti-CD206 immunofluorescence staining
to label M1-phenotype and M2-phenotype macrophages, respec-
tively. At the 14th day, the CTRL group exhibited a higher number of
CD86-positive M1-phenotype macrophages, while the GelMA
group showed a reduced number. But following A5 treatment, the
GelMA-A5 group displayed the lowest count of the CD86-positive
M1-phenotype macrophages (Fig. 3¢ and d). At the 14th day of
diabetic wound healing, the CTRL group exhibited nearly absent
CD206-positive M2-phenotype macrophages. When treated with
GelMA-PBS gel, the wounds had an increase slightly of CD206-
positive cells in GeIMA group. But after A5 treatment, the GelMA-
A5 group displayed a significant increase in M2-phenotype mac-
rophages (Fig. 3c and e). The results of the tissue qRT-PCR indicated
that the A5 treatment significantly decreased the gene expression
levels of IL-1B and IL-6 which were secreted by M1-phenotype
macrophages, and increased the expression levels of M2-
phenotype macrophage-related genes such as TGF-f and CD206
(Fig. 3f). The results of immunofluorescence staining and qRT-PCR
confirmed that A5 reduced the number of M1-phenotype macro-
phages and increased the number of M2-phenotype macrophages.
These findings suggested that A5 regulated the inflammatory
response of macrophages in diabetic wounds and promoted the
transition from M1-phenotype to M2-phenotype macrophages.

3.4. No effect of A5 treatment on angiogenesis or epithelial
proliferation

Angiogenesis and epithelialization are crucial for wound heal-
ing. The angiogenesis in diabetic wound healing is insufficient with
reduced vascularity and capillary density [25]. To assess angio-
genesis, immunohistochemical anti-CD31 staining was performed
on wound tissues. There was no difference in the number of CD31-
positive vessels among the three groups (Fig. 4a). The results sug-
gested that A5 does not promote angiogenesis during diabetic
wound healing. Regarding epithelial cell proliferation, anti-PCNA
staining was performed on the wound tissues, and we observed
no differences in the expression of PCNA in the epithelial layer
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Fig. 1. A5 Accelerates Diabetic Wound Healing. A: Schematic representation of the animal experiment. B: Representative macroscopic photographs of wounds from the CTRL group,
GelMA group, and GelMA-A5 group at days 0, 3, 7, 10, and 14. C: Percentage of wound area at days 0, 3, 7, 10, and 14. Data are presented as mean + SEM, with n = 6 for each group.
Statistical analyses were performed by comparing the GeIMA and GelMA-A5 groups to the CTRL group, where *p < 0.05, **p < 0.05; and by comparing the GelMA and GelMA-A5

groups, where #p < 0.05, ##p < 0.05.

among the three groups (Fig. 4b). This finding implies that A5 did
not affect the enhancement of epithelial cell proliferation during
wound healing.

3.5. A5 regulated LPS-stimulated BMDM inflammation

We further confirmed the effect of A5 on macrophage inflam-
mation by in vitro experiments. Using optical microscopy,
compared with the MO-phenotype macrophages in the CTRL group,
the LPS-stimulated macrophages exhibited evident morphological
changes, including flattening into round and pancake-like shapes.
However, macrophages cultured in the presence of A5 closely
resembled those in the CTRL group (Fig. 5a). The results of the qRT-
PCR showed that stimulation with LPS led to upregulation of pro-
inflammatory cytokines (IL-1f, IL-6, and TNF-a), which are char-
acteristic of M1-phenotype macrophages, while A5 treatment
inhibited their upregulation. We found that A5 did not affect the
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expression of the anti-inflammatory factor ARG-1, which is char-
acteristic of M2-phenotype macrophages (Fig. 5b). Flow cytometry
assessment of anti-CD86 staining of the M1-phenotype macro-
phage marker revealed an increase in CD86-positive cells after
stimulation with LPS, whereas A5-treated macrophages exhibited a
decrease in CD86-positive cells (Fig. 5c and d). The results of
immunofluorescence anti-CD86 staining were consistent with the
flow cytometry findings (Fig. 5e). Collectively, these results suggest
that A5 suppresses LPS-stimulated polarization of macrophages
toward the M1 phenotype.

3.6. A5 promoted cell migration on HaCaTs

In in vitro experiments, HaCaTs were cultured in the presence of
A5. Observation of HaCaTs over three days revealed no significant
difference in cell proliferation between the group cultured in the
presence of A5 and the CTRL group (Fig. 6a). However, in the cell
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Fig. 2. Histological Changes in Diabetic Wounds Following Treatment of A5 On the 14th Day. A: HE staining of the CTRL group, GelMA group, and GelMA-A5 group. B: Masson's
trichrome staining of the CTRL group, GelMA group, and GelMA-A5 group. The scale bar for the full wound tissue display is 1000 um, and the scale bar for the local wound tissue

display is 250 pm.

migration assay, compared to the O-h scratch, a significant
shrinkage of the scratch was observed in cells treated with A5 for
12 h. The promotion of cell migration was more apparent at A5
concentrations of 1.25 pg/mL and 2.5 pg/mL (Fig. 6b and c). These
results indicate that A5 promotes epithelial cell migration without
affecting cell proliferation, thereby contributing to epithelialization
during wound healing.

3.7. A5 had No effect on dermal fibroblasts

To investigate the role of A5 in regeneration of the dermal ECM,
fibroblasts were cultured in the presence of various concentrations
of A5. Assessment of HFBs over three days using the CCK-8 assay
revealed no significant difference in cell proliferation between A5-
treated HFBs and the CTRL group (Fig. S2a). The qRT-PCR results
indicated that the expression of type I collagen, type III collagen,
MMP1, and its inhibitor TIMP1 did not differ between the A5-
treated cells and the CTRL group (Fig. S2b). These results suggest
that A5 has no direct impact on the regeneration of the extracellular
matrix of dermal fibroblasts during wound healing.
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3.8. A5 exerted complex regulation on endothelial cells

While our findings presented in Fig. 4 show that A5 treatment
did not affect vascularization in diabetic wounds, we observed an
interesting phenomenon in endothelial cells in vitro. In the CCK-8
assay, different concentrations of A5 exhibited no significant dif-
ference in the proliferation of HUVECs on days 1, 2, and 3 compared
with the CTRL group (Fig. S3a). This implies that A5 had no direct
effect on HUVEC proliferation. However, in the cell migration assay,
compared to the 0-h scratch, the scratch of cells treated with A5
exhibited slight shrinkage at 12 h and more pronounced shrinkage
at 24 h. The gap closure during the cell migration displayed a dose-
dependent effect (Figs. S3b and c). These results indicated that A5
promoted the migration of HUVECs. In the tube formation assay,
after 6 h of A5 treatment, the tubular structures formed by HUVECs
decreased in a dose-dependent manner compared to those in the
CTRL group (Fig. S3d), with a reduction in the mean tube length
(Fig. S3e) and a decrease in branch points per mm? (Fig. S3f). This
suggests that A5 inhibited HUVEC tube formation. Overall, these
results indicated that in HUVECs, A5 promoted cell migration, had
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Fig. 3. The effect of A5 on regulating inflammation in diabetic wounds. A. Representative images of immunohistochemical anti-CD68 staining in diabetic wounds was performed. B.
Quantitative analysis of integral optical density of anti-CD68-positive cell. C. Representative images of immunofluorescence anti-CD86 and anti-CD206 staining was performed.
D&E. Quantitative analysis of fluorescence intensity of anti-CD86 and anti-CD206. F. Relative expression levels of IL-1p, IL-6, TGF-p and CD206 detected by qRT-PCR in diabetic
wounds from the CTRL group, GelMA group, and GelMA-A5 group. Data are presented as mean + SEM. Statistical analyses were performed by comparing the GelMA and GelMA-A5
groups to the CTRL group, where *p < 0.05, **p < 0.05; and by comparing the GelMA and GelMA-A5 groups, where #p < 0.05, ##p < 0.05.
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Fig. 4. The effect of A5 of angiogenesis and epithelial proliferation in diabetic wounds. A. Representative images of immunohistochemical anti-CD31 staining in diabetic wounds
was performed. B. Quantitative analysis of capillary density of the number of anti-CD31-positive vessels. C. Representative images of immunohistochemical anti-PCNA staining in
diabetic wounds was performed. D. Quantitative analysis of integral optical density of epithelial anti-PCNA-positive cell. Data are presented as mean + SEM.

no effect on cell proliferation, and inhibited tube formation, which
did not affect vascularization during wound healing in vivo (Fig. 4a).

4. Discussion

Diabetic wounds pose a significant challenge in terms of healing,
primarily because of the persistent presence of chronic inflamma-
tion and ischemia, reduce cell proliferation and ECM secretion, and
impaired epithelialization. These factors make wound healing
difficult and prone to microbial infections, leading to a vicious cycle
of inflammation-infection-inflammation [26]. In this study, we
confirmed that topical application of a hydrogel loaded with A5
accelerated the healing of diabetic wounds. Detailed histological
analysis revealed marked regulation of inflammation, effectively
controlling active inflammation following A5 treatment. In in vitro
experiments, we demonstrated that A5 could inhibit the activation
of macrophages from the MO-phenotype to the M1-phenotype and
promote the migration of epithelial cells. However, it has no direct
impact on cell proliferation, tube formation by vascular endothelial
cells, or ECM secretion by dermal fibroblasts. These findings sug-
gested that A5 primarily promotes wound healing by regulating
macrophage inflammation and by enhancing epithelialization.

Upon the occurrence of a common wound, immediate activation
of hemostasis, such as blood vessel constriction and platelet acti-
vation, leads to the eventual formation of blood clots. Activated
platelets release chemotactic factors that recruit inflammatory cells
such as neutrophils and macrophages to adhere to the wound tis-
sue [27]. Peripheral blood monocytes entering the wound area
differentiate into macrophages, together with resident macro-
phages, with polarization from M0-phenotype macrophages to M1-
phenotype macrophages [28]. M1-phenotype macrophages play a
significant role in clearing pathogens, necrotic tissue, and apoptotic
neutrophils, releasing pro-inflammatory cytokines (e.g., IL-1, IL-6,
and TNF-a), as well as growth factors (e.g., vascular endothelial
growth factor and platelet derived growth factor) [29], and acti-
vating the transformation of dermal fibroblasts into myofibroblasts,
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and promoting cell migration and ECM secretion [30]. As the in-
flammatory response switches from M1-dominated to M2-
dominated, the process of wound healing enters a phase of prolif-
eration and regeneration [31]. M2-phenotype macrophages secrete
anti-inflammatory cytokines (e.g., IL-4, IL-10, and IL-13) and growth
factors (e.g., insulin-like growth factor 1 and TGF-f1), promoting
epithelialization, ECM secretion, and angiogenesis [30]. In diabetic
wounds, the transition of M1-phenotype macrophages to M2-
phenotype macrophages is disrupted, leading to a prolonged
microenvironment of oxidative stress, inadequate clearance of
necrotic tissue, and active inflammation, thereby hindering the
wound healing process [30]. Annexin A5, which is a novel anti-
inflammatory protein, has a significant effect on inflammatory
diseases, such as endotoxemia, inflammatory bowel disease, trau-
matic brain injury-induced intestinal injury and nonalcoholic
steatohepatitis [32—35]. With traumatic brain injury, A5 treatment
increased the ratio of M2/M1 phenotype microglia, with a reduc-
tion of IL-1pB, IL-6 and iNOS and with an increasing in IL-10, by
regulating the NF-kB/HMGB1 pathway and the Nrf2/HO-1 antiox-
idant system [36]. A5 has an effect on downregulation of pro-
inflammatory factors (such as IL-1B, IL-6, and TNF-o.) and upregu-
lation of anti-inflammatory factors (such as CD206, Fizz1, and Ym1)
and inhibition of the classical signaling pathways (STAT1, NF-kB,
and MAPK) of macrophage polarization and induction of metabolic
reprogramming of macrophages [35]. In this study, we observed
that the wounds in diabetic mice remained unhealed on the 14th
day (Fig. 1), and histological analysis indicated a lack of continuous
epidermis in the wounds (Fig. 2), with notable infiltration of CD68-
positive macrophages into the dermis (Fig. 3a), consistent with the
characteristics of diabetic wounds. In the A5 treatment group, the
diabetic wound tissues exhibited almost complete repair (Fig. 1)
and histological analysis revealed an intact continuous epidermis, a
clear and regular arrangement of collagen (Fig. 2), and a reduced
number of CD68" cells in the dermis (Fig. 3a). The results of qRT-
PCR revealed a decrease in the expressions of IL-1$ and IL-6 from
M1-phenotype macrophages in the A5 treatment group, while the
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expression of TGF-$ and CD206 by M2-phenotype macrophages
was increased. These results suggest that A5 inhibits the polariza-
tion of macrophages from the MO to the M1 phenotype and pro-
motes the shift of macrophages from the M1 to the M2 phenotype,
leading to the regulation of inflammation and facilitation of dia-
betic wound healing into the phase of proliferation and tissue
remodeling. The results of in vitro experiments also confirmed that
A5 inhibited the polarization of macrophages from the MO
phenotype to the M1 phenotype (Fig. 5).

Epithelialization is a fundamental requirement during wound
healing, with Kkeratinocytes initiating this process several hours
after wound occurrence and continuing until the wound is
completely healed [37]. In chronic wounds, an active inflammatory
microenvironment can lead to keratinocyte dysfunction, which is
characterized by excessive proliferation but limited migration,
resulting in hyperkeratosis and parakeratosis [38]. Previous studies
have shown that A5 promotes epithelial cell migration and
epithelialization without affecting their proliferation [39]. By
increasing the release of urokinase-type plasminogen activators to
promote epithelial cell migration, A5 accelerated corneal wound
healing [40]. In the present study, we also confirmed in vitro that A5
had no effect on the proliferation of keratinocytes, but it enhanced
their migration. This suggests that A5 accelerates epithelialization
during the healing of diabetic wounds by promoting cell migration
of keratinocytes. However, the specific mechanisms underlying
these effects require further investigation.

The processes of cell proliferation and migration, along with the
inflammatory response, require a substantial supply of oxygen and
nutrients during wound healing. Therefore, it is commonly thought
that sufficient vascularization is necessary to expedite wound
healing [41]. In in vivo experiments, we did not observe any pro-
motion of wound angiogenesis by A5 (Fig. 4a), and in in vitro ex-
periments, we found that A5 promoted cell migration but had no
effect on cell proliferation, and it inhibited tube formation of
HUVECs (Fig. S3). This is consistent with earlier findings whereby
A5 exhibited no biological effects on hepatic sinusoidal endothelial
cells [35].
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When comparing the effects of A5 treatment with those of
CEFFE treatment in diabetic wounds, CEFFE achieved complete
healing by the 14th day, whereas A5 treatment had not yet resulted
in full healing. Under the CEFFE treatment, the key processes
essential for diabetic wound healing were significantly promoted.
CEFFE stimulated angiogenesis with higher capillary density, and
regulated the infiltration of macrophage with reduced CD68-
positive cells, and promoted the epithelization with enhanced
proliferation and migration of epithelial cells [15]. In our research,
we found that A5 treatment reduced the infiltration of macrophage,
regulated the macrophage polarization from M1-phenotype to M2-
phenotype, and promoted the migration of epithelial cells. These
differences may be related to the diverse biological functions of
bioactive proteins in CEFFE, such as their anti-inflammatory, pro-
angiogenic, pro-proliferative, and antioxidant properties [42].
These results indicate that the primary biological effect of A5 is the
regulation of macrophage-mediated inflammatory responses and
epithelialization of keratinocytes. The regulation of inflammation
and epithelialization is part of the process of wound healing. Future
developments in medications for wound healing will need to
explore combinations of various proteins with different biological
functions to promote wound healing by regulating inflammation
and promoting cell proliferation and angiogenesis, among other
multi-target approaches.

Due to the suitable biocompatibility, biodegradability and anti-
inflammatory property, GelMA hydrogels have emerged as a
promising material for wound healing applications [43]. Our
research findings, which demonstrate that GelMA-PBS hydrogels
promoted diabetic wound healing and suppressed M1-phenotype
inflammation in the GelMA group compared to the CTRL group
(Figs. 1-3), are consistent with the known characteristics of GelMA.
Moreover, GeIMA hydrogels are known for their sustained drug
release capabilities [43], which is essential for treating non-healing
wounds, especially in regulating chronic inflammation. The drug
release kinetics in GelMA hydrogels was investigated and fit best
with Korsmeyer-Peppas model [44], which describe an initial burst
release followed by sustained release [45]. Various compounds,
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metallic ions, extracellular vesicles and exosomes loaded in GelMA
have reached sustained release or controlled release in the drug
delivery system [46—49]. Therefore, GeIMA hydrogels hold great
promise in the field of wound healing treatments.

Our study was based on the paracrine mechanisms of MSC and
the effectiveness of CEFFE in the treatment of diabetic wounds. We
identified crucial bioactive proteins and synthesized these proteins
industrially using recombinant protein technology. This approach
enables research on wound-healing biologics with clear molecular
structures, well-defined mechanisms, controlled quality, and large-
scale industrial production, thereby providing a new pathway for
the development of stem cell-based regenerative medicine. The
discovery of the anti-inflammatory protein A5 and its proven
effectiveness in diabetic wound healing reaffirm the viability of this
approach. In the future, we expect to see expansion of the appli-
cation of A5 to the treatment of other diseases with inflammatory
conditions, while also combining it with different proteins pos-
sessing various biological functions to address a broader range of
clinically challenging diseases that require regenerative medicine
solutions.

5. Conclusion

This research suggests that annexin A5 significantly accelerates
diabetic wound healing by regulating macrophages inflammation
by the transition of the M1-phenotype to the M2-phenotype, and
epithelialization by the promotion of cell migration of keratinocyte.
Since our research has shown the efficacy of annexin A5 in treating
diabetic wounds, future studies are needed to determine the
optimal concentration and regimen for clinical application. All in
all, annexin A5 holds ample promise as an effective biological agent
for the treatment of non-healing wounds.
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